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A paralog designated SUMF2 was also identified. Both Fusion with the Fused: A New Role
groups indicate that it may have some capacity to acti- for Interleukin-4 in the Buildingvate sulfatases but is significantly less active than
SUMF1. Whether SUMF2 or residual activity on the part of Muscle
of mutant forms of SUMF1 account for residual sulfatase
activities in MSD cells remains to be determined. SUMF1
and SUMF2 appear to have evolved independently;
In this issue of Cell, G. Pavlath and coworkers (Horsleyhowever, all vertebrate species examined have homo-
et al., 2003) demonstrate a novel role for Interleukin-logs for both genes.
4 (IL-4) in regulating the fusion of myoblasts with differ-While these studies represent a major advance in our
entiated myotubes. The authors demonstrate thatunderstanding of sulfatases, they also raise many new
NFATc2 signaling in newly formed myotubes inducesquestions. Are there other proteins that contain a
IL-4 expression and secretion which promotes myo-C-formylglycine moiety? How do SUMF1 and SUMF2
blast fusion with pre-existing myotubes.differ with respect to specificity, activity, and expres-
sion? What are the consequences of these differences?
How are the FGEs retained in the endoplasmic reticu-
lum? Will tissue specific levels of SUMF1 expression The regulation of skeletal muscle mass is an important
have an impact on gene replacement therapies for indi- adaptive response to both physical and pathological
vidual sulfatase deficiencies? The identification of stimuli. Skeletal muscle mass is principally controlled
SUMF1 and SUMF2 as genes responsible for the synthe- through the regulation of myofiber size. The myofibers
sis of C-formylglycine from cysteine will lead to addi- are the basic contractile unit of skeletal muscle and
tional insights into the biology of sulfatases and their being a syncitium, their size can be modulated by two
sulfated substrates. Defining the molecular basis for distinct mechanisms. First, the cytoplasmic volume as-
genetic diseases such as MSD continues to provide a sociated with individual myonuclei is regulated. This
path to understanding the often complex role of post- pathway appears to involve regulation of protein synthe-
translational modification. sis, through PI3K signaling, and of protein degradation,
through muscle-specific ubiquitin ligases (Schiaffino
and Serrano, 2002). Second, the number of myonucleiJacques U. Baenziger
within a myofiber also determines myofiber size. ForDepartment of Pathology
example, during atrophy, the myonuclei are lost, possi-Washington University School of Medicine
bly through apoptotic-like mechanisms whereas during660 S. Euclid Avenue
postnatal growth and hypertrophy, the myoblasts (mo-St. Louis, Missouri 63110
nonucleated muscle cells) proliferate and fuse to exist-
Selected Reading ing myofibers (Schiaffino and Serrano, 2002). Several
growth factors have been implicated in the activation
Ballabio, A., Parenti, G., Napolitano, E., Di Natale, P., and Andria, of myoblasts to proliferate, amongst which insulin-like
G. (1985). Hum. Genet. 70, 315–317.
growth factor 1 (IGF-1) is a strong candidate promoting
Cosma, M.P., Pepe, S., Annunziata, I., Newbold, R.F., Grompe, M.,
muscle hypertrophy (Hawke and Garry, 2001). However,Parenti, G., and Ballabio, A. (2003). Cell 113, this issue, 445–456.
the mechanisms controlling myoblast fusion, whetherDierks, T., Schmidt, B., Borissenko, L., Peng, J., Preusser, A., Mari-
associated with postnatal muscle growth or in responseappan, M., and von Figura, K. (2003). Cell 113, this issue, 435–444.
to injury, have remained elusive.Hopwood, J.J., and Ballabio, A. (2001). Multiple sulfatase deficiency
Regulation of intracellular calcium concentrations isand the nature of the sulfatase family. In The Metabolic and Molecu-
lar Basis of Inherited Disease. C.R. Scriver, A.L. Beaudet, D. Valle, crucial in controlling various cell signaling pathways.
and W.S. Sly, eds. (New York: McGraw-Hill), pp. 3725–3732. Calcineurin, a ubiquitous calcium-activated serine/thre-
Parenti, G., Meroni, G., and Ballabio, A. (1997). Curr. Opin. Genet. onine phosphatase comprising a catalytic subunit, a
Dev. 7, 386–391. regulatory subunit, and calmodulin (a calcium sensor)
Schmidt, B., Selmer, T., Ingendoh, A., and von Figura, K. (1995). Cell is a major mediator of Ca2 signaling in different cell
82, 271–278. systems. Activated calcineurin regulates gene expres-
von Figura, K., Schmidt, B., Selmer, T., and Dierks, T. (1998). Bioes- sion through dephosphorylation of a family of transcrip-
says 20, 505–510. tion factors known as nuclear factors of activated T cells
(NF-ATs) comprising NF-ATc1, NF-ATc2, NF-ATc3, and
NF-ATc4. Following dephosphorylation, NF-AT translo-
cates to the nucleus and activates target genes in coop-
eration with specific transcription factors. Specific NF-
AT isoforms are highly expressed in skeletal muscle and
in vitro analyses have demonstrated their differential
translocation from the cytoplasm to the nucleus at differ-
ent stages of myoblast differentiation, suggesting spe-
cific roles for these transcription factors during myo-
genic differentiation (Abbott et al., 1998).
In vitro and in vivo analyses have implicated NF-ATs
in the regulation of muscle hypertrophy and fiber type
specification. Inhibition of calcineurin by injection of
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cyclosporin A (CsA) leads to an inhibition of muscle adhesion during macrophage fusion (McNally and An-
hypertrophy and to a slow-to-fast fiber type switch in derson, 2002). Moreover, integrin signaling has been
some, but not all, animal models (Schiaffino and Ser- implicated in skeletal muscle formation. New insights in
rano, 2002). More importantly, electrical stimulation the regulation of myoblast/myotube fusion should allow
mimicking that of a slow motor neuron, but not of a fast the development of new therapies targeted at promoting
motor neuron, of cultured myofibers induces rapid CsA- skeletal muscle growth to alleviate muscle mass loss
sensitive translocation of NF-ATc1 to the myonuclei (Liu seen in some muscle disorders or in the course of normal
et al., 2001). However, mice deficient in NF-ATc2 or NF- aging.
ATc3 have no fiber type abnormalities but display a
reduced muscle mass resulting from a decreased myofi- Sophie Charge´ and Michael A. Rudnicki
ber size or myofiber number, respectively (Horsley et al., Molecular Medicine Program
2001; Kegley et al., 2001). These observations correlate Ottawa Health Research Institute
with in vitro studies demonstrating the role for NF-ATc2 Ottawa, Ontario K1H 8L6
in myoblast fusion and for NF-ATc3 in myogenic differ- Canada
entiation. Thus, different NF-ATs, possibly regulated
through a calcineurin-dependent pathway, appear to Selected Reading
have specific roles in skeletal muscle.
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V. Horsley, Jansen K., Mills S., and Pavlath G. (2003). Cell 113, thisIL-4 receptor present on surrounding myoblasts, pro-
issue, 123–456.moting their fusion to existing myotubes and thereby
Kegley, K.M., Gephart, J., Warren, G.L., and Pavlath, G.K. (2001).increasing myotube size. Because myoblast/myoblast
Dev. Biol. 232, 115–126.fusion is not dependent on IL-4 signaling, the results
LaBarge, M.A., and Blau, H.M. (2002). Cell 111, 589–601.suggest that two separate mechanisms for myoblast/
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The new data also suggest that cytokines released
Nelms, K., Keegan, A.D., Zamorano, J., Ryan, J.J., and Paul, W.E.during the immune response immediately following (1999). Annu. Rev. Immunol. 17, 701–738.
muscle injury may play a more important role in the
Schiaffino, S., and Serrano, A. (2002). Trends Pharmacol. Sci. 23,
muscle regeneration process than previously under- 569–575.
stood. Previous studies had provided evidence for a
role of cells of the immune response in the regulation
of myoblast proliferation (Hawke and Garry, 2001). In
addition, the new data suggest that cytokines, such as
IL-4, which are released during an immune response,
may also affect myotube growth. This mechanism may
allow for the highly synchronized set of myogenic events
that is observed in response to muscle injury. In any
case, further studies will be necessary to determine the
specific role of the immune response on myoblast
fusion.
More interesting is the observation that a similar sig-
naling pathway regulates myoblast and macrophage fu-
sion, suggesting a conserved mechanism for cellular
fusion. It is interesting to speculate that the participation
of marrow-derived hematopoietic cells that has been
documented to occur during muscle regeneration may
be a consequence of illegitimate fusion between macro-
phages and growing myotubes (LaBarge and Blau,
2002). However, what seems more important is that by
studying the downstream targets of IL-4 signaling in
myogenic cells, new insights in the regulation of myo-
blast fusion should soon be unraveled. From studies
in other cell types, direct targets of IL-4 receptor may
include Janus kinases, insulin receptor substrate-1/2,
PI3K, MAP kinase, and Stat-6 (Nelms et al., 1999). Fur-
thermore, adhesion molecules mediating cell-extracel-
lular matrix and cell-cell interactions, such as integrins,
are strong candidates in promoting specific cell fusion.
Indeed, 1 and 2 integrins have been shown to mediate
